Introduction
There has been considerable recent interest in an amperometric algal biosensor for a water toxicity test, owing to its importance in environmental monitoring and industrial safety. [1] [2] [3] [4] [5] [6] [7] [8] Normally, it is difficult to measure the toxicity of individual chemicals contained in water, since a wide variety of chemicals exist in environmental water, and their mixture may exhibit complex toxicity. In these cases, it is more effective to evaluate the overall toxicity of a sample solution to living organisms, rather than to determine individual chemicals using traditional biosensors based on enzymes and antibodies.
Amperometric whole-cell biosensors, [1] [2] [3] [4] [5] [6] in which the photosynthetic activity of the microalgae is monitored by a Clark-type oxygen electrode, have been developed. These biosensors were found to allow the rapid detection of herbicides and organic solvents within a few minutes. However, the oxygen electrode is not very compact. Recently, we developed a disposable amperometric screen-printed algal biosensor for the evaluation of the toxicity of chemicals. 8 An algal ink was prepared by mixing unicellular microalga Chlorella vulgaris cells with carbon nanotubes and a sodium alginate solution. The algal ink was immobilized directly on a screen-printed carbon electrode surface using a screen printing technique. The toxicity of chemicals can be evaluated within few minutes by using the algal biosensor. On the other hand, the algal biosensor is susceptible to current noise. The signal-to-noise (S/N) ratio affects the sensitivity of the biosensor. Therefore, the reduction of noise is required for applications to actual environmental monitoring. In the present study, we focused on the wavelet transformation (WT) as an analytical method to eliminate the current noise of the algal biosensor.
The WT is one of the wave analysis methods, like fast Fourier transformation (FFT). WT gives the power spectrum densities along with recording the time; also, the time variation of the spectra can be discussed. 9 For example, Fang et al. 10 applied the WT to voltammetry measurements, and showed that the S/N ratio was improved. We previously analyzed a sigmoidal current response of an amperometric glucose biosensor by WT, and reported that the noise current was clearly removed.
11
In the case of a typical enzymatic biosensor, the time-current curve has a sigmoidal shape. On the other hand, the timecurrent curve of a typical algal biosensor response has a peak shape (shown in Fig. 1 ). 8 The power spectrum is much different, due to the shape of the time-current response curve of the amperometric biosensors. Thus, a detailed investigation of the power spectrum concerning the algal biosensor response calculated by WT is necessary to eliminate the current noise. However, to our best knowledge, there has been no reports that the amperometric algal biosensor response was analyzed by WT to improve the S/N ratio. Regarding in the present study, we firstly discuss the typical power spectrum of the algal biosensor response using simulated waves. We then analyze the typical current response of the screen-printed amperometric algal biosensor by WT.
Theory
A small localized wave, namely a wavelet, is used in WT. The wavelet, ψa,b(t), is a family of basic functions that are localized in the time domain, given as follows:
where a and b are called the scale parameter and the translation parameter, respectively. In the work we applied a Mexican hat wavelet to a mother wavelet. Mexican hat wavelet is described as:
The shape of the Mexican hat wavelet is described as Fig. 1 . The wavelet coefficient, f  (a,b), is obtained by the convolution integral of the mother wavelet and the original data in the time domain, f (t), as follows:
Wavelet transformation was applied as a noise elimination method of an amperometric algal biosensor. The drift of the baseline current was clearly removed by using the wavelet transformation. The S/N ratio, calculated by the power spectrum density, is about 3-times larger than that calculated by the current response. The response to a herbicide, atrazine, calculated from the power spectrum density in high-noise circumstance, was the same as that calculated from the current response in a low-noise circumstance. 
The wavelet is stretched or dilated by changing in the scale parameter, a. By increasing a, the mother wavelet is stretched (Figs. 1(a) and 1(c) ), and the convolution integral of time series data, f (t), gives low-frequency data. By changing the time parameter, b, the mother wavelet is shifted on the time axis (Figs. 1(b) and 1(c)); the center time of the mother wavelet means the time for the wavelet coefficient. The pseudo-frequency, f, of f  (a,b) can be described as:
where fc and fs are called the center frequency of the Mexican hat wavelet and the sampling frequency, respectively. The sampling frequency is the number of samples per unit of time.
For example, when the sampling frequency is 10 Hz, 10 data are obtained per second. The center frequency is the frequency in which the maximum power spectrum density (PSD) shows when a mother wavelet is converted in the frequency region by a fast Fourier transform. In the case of the Mexican hat wavelet, the center frequency is 0.2 Hz. The square of the wavelet coefficient corresponds to the power spectrum density, ) and 1 × 10 -2 wt% multiwall carbon nanotubes (3 -10 nm diameter, Wako Chemical).
The algal biosensor was fabricated according to the literature. The algal ink (1.2 μL) was printed on the screen-printed carbon electrode surface (surface area, 20 mm 2 ) using a screen-printing technique. Afterward, the electrode was immersed in a 200 mM CaCl2 solution for 30 min.
Amperometric measurements were performed by using a flow-injection analysis system with Ag/AgCl and a coiled platinum wire as reference and counter electrodes, respectively. cell. The potential of the algal electrode was set at -0.7 V vs. Ag/AgCl. The responses of the algal biosensor were evaluated as inhibition ratio of photosynthetic oxygen evolution under periodic red-light illumination from a red LED. Electrochemical measurements were carried out in a dark box. 6-Chloro-Nethyl-N-isopropyl-1,3,5-triazine-2,4-diamine (atrazine, Wako Chemical) was used as a toxic test chemical.
Results and Discussion
Figure 3(a) shows a simulated wave of the typical current response of the amperometric algal biosensor. In the case of the typical amperometric algal biosensor responses previously reported, 6-8 the oxygen reduction current in a solution was monitored. The oxygen concentration increased at the electrode surface as a result of the algal photosynthesis, resulting that the oxygen reduction current significantly increased when the algal biosensor was illuminated. Then, a quasi-steady-state current was observed since the oxygen current in a membrane became steady state. The oxygen reduction current decreased, when the light was turned off, due to dissipation of oxygen, generated by the photosynthesis, from the electrode surface and the consumption of oxygen by dark respiration of the algae. Therefore, the simulated wave can be depicted as Fig. 3(a) .
The wavelet coefficient of the simulated wave can be calculated by Eq. (3). Figures 3(b) and 3(c) shows the time-wavelet coefficient curve and the time-PSD curve at 0.042 Hz, respectively. In the time-wavelet coefficient curve (Fig. 3(b) ), one positive peak (510 s) and two negative peaks (around 496 and 525 s) can be observed.
We next discuss the shape of the time-wavelet coefficient curve. The wavelet coefficient is calculated by the convolution integral of the Mexican hat wavelet and the simulated wave in the time domain (Eq. (3) Fig. 3(a) ) and Mexican hat wavelet (thin solid line) at b = 496 (a), 510 (b) and 525 s (c), respectively, the dotted lines in Fig. 4(b) becomes positive at around 510 s. Thus, one positive and two negative peaks are observed in time-wavelet coefficient curves. It is noted that, of course, the shape of the time-wavelet coefficient curve depends on the value of a (= pseudo-frequency). The power spectrum density, PSD, calculated by Eq. (5) totally takes a positive value, and its value is the same as the absolute value of the wavelet coefficient. Therefore, triple positive peak appears in Fig. 3(c) . Figure 5 (a) shows the current response of the algal biosensor measured under a high-noise circumstance. The potential of the algae-immobilized electrode was set at -0.7 V vs. Ag/AgCl. This potential was chosen to reduce the oxygen substantially, but not toxic test chemicals. The reduction current of oxygen decreased upon the addition of 75 μM atrazine. In Fig. 5(a) , the baseline current was slightly drifted, and current noises, mainly due to pumping noise, were observed during the measurement. The signal-to-noise (S/N) ratio should be larger than 2 if the current increment under light illumination is regarded as the current signal of the algal biosensor. However, the average value of the S/N ratio of the algal biosensor was about 1.6 after the addition of atrazine. It is noted that the drastically change in the current around 1700 s was due to mixing the electrolyte solution with atrazine, and was not considered to be the current noise in the present study. Figure 5 (b) shows a time-PSD curve of the algal biosensor at 0.042 Hz, calculated by WT. The triple positive peak was observed for each current increment. The small peaks other than the triple positive peak are due to the current noise. The drift of the baseline was clearly removed. The change in the baseline current was much slower than that of the current increment and decrement due to the light being on and off. In other words, the characteristic frequency of the baseline current is much lower than 0.042 Hz. Therefore, the PSD related to the baseline current was not detected at 0.042 Hz. The average of the S/N ratio of the algal biosensor was about 5.1 after the addition of atrazine. The S/N ratio calculated by PSD-time curve is about 3-times larger than that calculated by the time-current curve.
The inhibition ratio (IPSD) of the algal biosensor, which is the toxicity indication of a chemical, was calculated by the following equation:
where PSDmax1 and PSDmax2 were the maximum values on the triple peak before and after the addition of atrazine, respectively. The IPSD at 75 μm atrazine was 86%. It agreed very closely with that obtained by the oxygen reduction current calculated from low-noise data, which was previously reported. 8 From these results mentioned above, it can be concluded that the background noise of the algal biosensor could be eliminated, and the S/N ratio was improved drastically by using WT.
Conclusion
We succeeded to eliminate the background noise and drift of the baseline current of the amperometric algal biosensor by using the wavelet transformation (WT). The S/N ratio calculated by the power spectrum density-time curve was improved by about 3 times compared with that calculated by time-current curve. On the other hand, the response to the toxic compound calculated by WT was same as that calculated by time-current curves previously reported. Therefore, it was concluded that the WT is a very useful method for applications to actual environmental monitoring. 
